We present measurements of the effects of spin exchange on the nuclear tensor polarization of atomic deuterium gas. Measurements of the nuclear polarization have been performed at several values of the magnetic field. In these measurements, only the gas density was changed, leaving all other experimental parameters constant. The results are in qualitative agreement with a model, based on the spin-exchange mechanism proposed by Purcell and Field. The results are relevant for nuclear and particle-physics experiments, using nuclear polarized hydrogen or deuterium targets, as well as for laser optical pumping applications of 1 H and 2 H.
I. INTRODUCTION
In nuclear and high-energy physics, the experimental study of spin-dependent observables is important for testing and constraining theoretical models. Spin-dependent scattering experiments provide information on, e.g., the spin structure functions of the nucleon, the electric form factor of the neutron, and the spin structure of few-body nuclei. For such experiments the availability of pure, nuclear-polarized hydrogen and deuterium targets is a great advantage. Recently, targets have been developed in which a nuclear-polarized atomic beam is injected into an open-ended T-shaped conductance limiter ͑hereafter referred to as storage cell͒ internal to a storage ring. In comparison to targets used at external beam facilities, these internal targets are characterized by high polarizations, rapid polarization reversal, high isotopic and chemical purity, flexible spin orientation, and small target thickness at high luminosity, allowing for high-precision experiments with small systematic errors. Experiments that make use of internal targets include the HERMES experiment at DESY ͓1͔, and experiments at BINP ͓2͔, NIKHEF ͓3͔, and IUCF ͓4-6͔.
The availability of intense, highly polarized internal targets was recently made possible by the development of coatings to prevent wall depolarization ͓7͔, the improvement in intensity of polarized atomic beams ͓8͔, and the development of precise polarimeters ͓9,10͔. An essential issue is the influence of spin exchange between the atoms. Since the atomic density is increased by the use of storage cells to a level where atomic collisions occur with significant probability (Ͼ0.1͒, the effect of spin exchange on the polarization may be non-negligible and should be understood. Furthermore, the spin-exchange mechanism enables a novel way to produce polarized atoms ͓11͔, based on optical pumping of alkali metals. Here, the electron spin of hydrogen ͑or deuterium͒ is first polarized via spin-exchange collisions with the optically pumped alkali-metal atoms, and the nuclear spin is polarized via spin-exchange collisions between hydrogen ͑or deuterium͒ atoms. This development may lead to targets with significantly higher figure of merit, and it is vigorously pursued by different groups ͓12-14͔.
Measurements of spin exchange have been previously discussed in detail for alkali vapors ͑e.g., by Grossetête ͓15͔͒. Here, we report on a measurement of the effects of the atomic density on the nuclear polarization for deuterium gas in a storage cell environment. Measurements of the nuclear tensor polarization were performed at different densities and external magnetic fields on tensor-polarized deuterium inside an electron storage ring. The results demonstrate a dependence of the nuclear polarization on the atomic density, which can be interpreted as caused by spin exchange.
In Sec. II we present a brief description of the spinexchange mechanism and outline the theoretical background and formulas used in this work. Section III describes the experimental setup and the measurements. The results are summarized in Sec. IV.
II. SPIN EXCHANGE RATE
The eigenvectors for ground-state deuterium atoms in an external magnetic field B are well known. The interaction Hamiltonian is given by
in which I and J are the nuclear and electron spin, g I ϭϪ0.00047 and g J ϭ2.0023 are the gyromagnetic factors, B is the Bohr magneton and
is the hyperfine splitting ( 0 ϭ 327 MHz͒. The critical field B c ϭ11.7 mT characterizes the average magnetic field due to the deuteron spin at the position of the electron. The spin part of the wave function for the six substates of atomic deuterium can be described as
xϭB/B c .
In Fig. 1 the tensor polarization P zz (P zz ϭ 1-3n 0 , with n 0 the fraction of nuclei with m I ϭ0͒ is shown for each of these states. The dots on the curves indicate the magnetic field values that were applied in this experiment.
The collision of two atoms at thermal velocities can be described following Purcell and Field ͓16͔. The large difference in energy for the molecular triplet and singlet states leads to a spin-flip probability of 50% for collisions between atoms with opposite electron spin. During the collision, the much weaker hyperfine interaction plays a negligible role. After the collision, the electrons and nuclei recombine into one of the six eigenstates under conservation of angular momentum. Especially at low field, where the coupling between nuclear and electron spin is important, a single atomic spinexchange collision may lead to large changes in nuclear polarization.
The rate of spin exchange can be described by the rate equations ͓11͔
where 1/T dd ϭ d ͗ se v͘ is the spin-exchange collision rate, d represents the deuterium density, n i the fractional density of atoms in state i, and ͗ se v͘ the average value for the product of the spin-exchange cross section and the velocity distribution. The value of ͗ se ͘ was taken from Ref. ͓17͔.
The coefficients A a,b i
that describe the probability for states ͉a͘ and ͉b͘ to transform into state ͉i͘ are explicitly given by Ref. ͓18͔.
III. EXPERIMENT

A. Overview of the experimental setup
The measurements were performed with a tensorpolarized deuterium target internal to the AmPS electron ring at NIKHEF ͓19͔, in parallel with measurements of the tensor analyzing power T 20 in ͑quasi͒ elastic electron scattering from deuterium ͓3͔. Since the setup is extensively described in Refs. ͓9,20,21͔ here only a brief outline is given.
The experiment is outlined in Fig. 2 . The electron beam had an energy of 704 MeV and currents of up to 100 mA. Nuclear-polarized deuterium gas was provided by an atomic beam source ͑ABS͒. This source ͓20,22͔ consists of an rf dissociator, a cooled nozzle, two sextupole electromagnets and two rf transition units ͓23͔. The sextupole magnets focus, according to the Stern-Gerlach principle, atoms with electron spin up ͑states 1, 2, and 3͒ and reject the states with spin down ͑4, 5, and 6͒. Nuclear polarization is obtained by PRA 58inducing rf transitions in the medium and/or strong field transition unit. The strong field unit induces either a 3-5 transition or a 2-6 transition. The medium field unit induces a 1-4 transition. Note that in this multiple-quantum transition the z projection of the angular momentum of the atom changes by 3ប. The principle of operation of the 1-4 transition unit has been discussed by Oh ͓24͔. The atomic beam from the ABS is injected into a storage cell. In this way the atomic density is increased by two orders of magnitude compared to that of a free atomic beam. The storage cell was cooled to about 150 K to further increase the target density and polarization. The cell has been constructed from ultrapure aluminum with a thickness of 25 m. In order to minimize recombination and depolarization ͓7͔, it has been coated with a solution of PTFE3170 Teflon. The storage cell ͑feed tube͒ has a length of 400 mm ͑130 mm͒ and a diameter of 15 mm ͑12 mm͒. A small sample tube ͑4 mm diameter͒, located opposite to the feed tube, allows one to sample a fraction (ϳ10%) of the injected gas, for subsequent analysis by a Breit-Rabi polarimeter.
This polarimeter consists of a 41-cm-long permanent tapered sextupole magnet ͓entrance ͑exit͒ radius 3 mm ͑1.5 mm͒, tip field about 0.44 T͔ in front of a quadrupole mass spectrometer. A chopper, located in between the magnet and the mass spectrometer, was employed to subtract background gas. The Breit-Rabi polarimeter was used to continuously monitor the performance of the ABS during data taking.
An external field, parallel to the electron beam, was supplied by two magnets that are located at opposite sides along the storage cell.
Nuclear polarization was measured in situ by a polarimeter ͓9͔, which uses the well-known tensor analyzing power ͓25͔ of the reaction 3 H(d,n)␣. The electron beam ionizes a fraction of the deuterium gas in the storage cell. These ions are extracted by a set of electrostatic lenses and an electrostatic spherical deflector, accelerated to 60 keV and transported to a tritiated titanium target. The 14-MeV recoiling neutrons are detected in two neutron detectors, located under 0°and 90°with respect to the spin orientation axis. The angle-dependent count rate for the reaction 3 H(d,n)␣ can be written as
where is the angle between the neutron momentum and the polarization axis, f ϭ0.95 for 60 keV deuterons ͓25͔, N 0 is the unpolarized count rate ͑typically 1 kHz͒, and P zz the tensor polarization of the impinging deuterons. Separation of atomic ͑D ϩ ) and molecular (D 2 ϩ ) ions was obtained by using a Wien filter.
With this polarimeter, the tensor polarization of the target could be measured to a statistical precision of 0.01 within about 1 min of beam time. The systematic uncertainty in the measurements can be greatly reduced by forming a ratio R ͓9͔, where
in which N ϩ ͑N Ϫ ) represents the rate with the highest ͑low-est͒ value of P zz . In this ratio R, variations in luminosity and differences in detection efficiency cancel. The systematic error on P zz measured with the tritium polarimeter is estimated to be 2%.
B. Measurements
The rate of spin exchange linearly depends on the atomic density and is a function of the external magnetic field ͓see Eq. ͑2.3͔͒. To isolate the effects of spin exchange on the tensor polarization we measured at two values of atomic density ( d ϭ1.1ϫ10 12 and 0.4ϫ10 12 atoms/cm 3 ). 1 Except for the number of atomic collisions, no other experimental parameters were changed. For the conditions of the present experiment, the average time between spin-exchange collisions T dd was about 4.5 ms ͑12 ms͒ for measurements at the highest ͑lowest͒ density. The average dwell time in the cell was about 2.5 ms. The different densities were obtained by changing the flux of the ABS, which was done by adjusting the RF power of the discharge. Several measurements were made, activating either the medium field transition unit, the strong field transition unit, or both units. Sets of measurements with different densities were taken at three values of the external magnetic field ͑0.3, 6, and 34 mT͒. 1 Note, that the use of a storage cell leads to an approximately triangular density distribution along the cell axis; the density quoted above refers to the center of the cell. In order to obtain small systematic errors, measurements were performed in the following way: for 4 s, the background rate of the neutron detectors ͑which is mainly due to interactions caused by the 704 MeV electron beam͒ was measured. This rate was obtained by changing the voltage of the spherical deflector plates such that no ions impinged on the tritium target. For the next three periods of 4 s, first no transition unit was activated ͑injecting states 1, 2, and 3͒, and then the medium field transition and the strong field 3-5 transition were induced, and finally the medium field transition and the strong field 2-6 transition were induced. This cycle of 16 s was repeated to obtain sufficient statistics and to verify the systematic stability of the polarimeter, i.e., that the measurements yield the same results within statistics upon repetition ͑with, e.g., new conditions of the electron beam͒. Note that the beam lifetime was around 1000 s so that the background rate varied slowly compared to our cycle period. Also other combinations of transitions were applied, e.g., cycles in which the medium field or strong field transition unit was switched off. Table I summarizes the hyperfine content of the injected atomic beam for the different applied transitions, and the corresponding value of tensor polarization P zz for the magnetic fields at which the measurements were performed.
An example of the observed neutron rates during a polarization measurement is shown in Fig. 3 . As can be seen, the background rate is about a factor of five lower than the signal from the 3 H(d,n)␣ reaction. The background rate is rather stable in time and it is about equal for both detectors. ͑Note that during period II in this figure, three hyperfine states from the ABS are injected, while during periods III and IV only two states are injected.͒ The asymmetry is sizable, and the difference in tensor polarization (⌬ P zz ) between the combinations of hyperfine states obtained with two different settings of the transition units can be determined quickly with high statistical precision.
We made measurements of (⌬ P zz ) for combinations of the six settings of the RF transition units, listed in Table I . The presence of spin exchange is demonstrated in Fig. 4 , which shows the average ratio of ⌬ P zz for the measurements at high and at low density. Systematically, a higher value of ⌬ P zz is found for the measurements at lower target density.
The calculations in Fig. 4 are based on the rate equations ͑2.3͒. For the spin exchange cross section, 2.3ϫ10 Ϫ15 cm 2 was taken ͓17͔. The state density of the incoming deuterium atoms was calculated assuming 100% efficiency for the rf units in the ABS ͓20͔, but an 80% rejection efficiency for state 4 by the second sextupole magnet. In addition, we assumed that the incoming atomic beam was diluted with 26% of the unpolarized atoms to take into account a reduction of the polarization. This reduction of the polarization includes the following effects, which were not taken into account explicitly in our calculations: ͑1͒ depolarization of the atoms by collisions with the cell wall, ͑2͒ dissociative ionization of molecules ͑measured to contribute about 1%͒, ͑3͒ rejection efficiency of spin-down states by the first sextupole magnet in the ABS. With these assumptions, the resulting polarization of the deuterium atoms in the target cell was calculated for the geometry and temperature of the present setup by numerically solving the rate equations. The actual density and magnetic field distributions along the storage cell and the feed tube were taken into account by a finite-element analysis: the cell ͑feed tube͒ was divided in 21 ͑10͒ segments. For each 3 . Number of counts in 300-ms bins in the 90°͑top͒ and 0°͑bottom͒ neutron detector for the tritium polarimeter. Two measurement cycles are displayed. For this particular scan the background was measured in period I, whereas in period II, III, and IV the rates were measured with no transition units active, a SFT 3-5 and a MFT 1-4 transition, and a SFT 2-6 and a MFT 1-4 transition induced in the ABS, respectively. step in time (⌬t is about 2 s͒ the population density in each segment, as well as the amount of gas that flows to neighboring segments, was calculated. A sufficient number of steps in time was taken in order to assure that the final result was completely stable.
The results of our calculations are represented by the shaded band in Fig. 4 . The width of this band indicates the uncertainty in the calculations, due to the uncertainty in the spin-exchange cross section ͓17͔ ͑10%͒ and the uncertainty in the target density in our measurements ͑20%͒. The results of the calculation for the different combinations of transitions in Fig. 4 were averaged in a similar manner as the data. Although the data show a smaller dependence on the external magnetic field than calculated by our model, qualitative agreement is obtained between the data and the model predictions.
The ratio of ⌬ P zz for the different densities is explicitly shown in Fig. 5 for two transitions that give sizable tensor polarization for all external fields, i.e., the medium field 1-4 transition and the strong field 2-6 transition. For these transitions, the difference in tensor polarization ⌬ P zz between injected states ͑1,2,3͒ and ͑2,3͒, respectively states ͑1,2,3͒ and ͑1,2,6͒, is measured. The calculations for the strong field transition ͑2-6͒ predict somewhat less reduction of the polarization, but the dependence on magnetic field is reproduced. The numerical results for the medium field transition ͑1-4͒ are in agreement with the data.
IV. SUMMARY
We measured the tensor polarization of a deuterium gas sample for different external magnetic fields ͑between 0.02 and 3.0 times the critical field͒ at two densities. The measurements demonstrate the effects of spin-exchange collisions between deuterium atoms. Changing the density of the deuterium gas, while keeping all other experimental parameters constant, resulted in differences in nuclear tensor polarization of typically 10%. The measurements indicate that spin exchange lowers the polarization in a storage cell by about 10% for densities of ϳ10 12 atoms/cm 3 , even for an external magnetic field that is three times larger than the critical field. The observed density-dependent reduction of the tensor polarization is in qualitative agreement with numerical calculations based on the model of Purcell and Field ͓16͔. ) and low ͑0.4ϫ10 12 cm Ϫ3 ) atomic density for the 1-4 medium field transition ͑top͒ and the 2-6 strong field transition ͑bot-tom͒.
